The results of kinetic studies of bacterial depyritization of HCl-kerogen concentrate of Aleksinac (Serbia) oil shale by the chemolithoautotrophic thionic bacteria Thiobacillus ferrooxidans under discontinuous laboratory conditions at various temperatures (0, 20, 28 and 37 ºC) at a pH of ca. 1.5 are presented in this paper. Low pH prevents the occurrence of the precipitation of iron(III)-ion hydrolysis products on the substrate particles and thereby reduces the process efficiency. Bacterial depyritization is developed as per kinetics of the first order. The activation energy which points to a successive mechanism of pyrite biooxidation, was computed from the Arrhenius plot. The biochemical kinetics indicators point to a high affinity of the bacteria toward pyrite but small values of V max , which are probably the result of decelerated metabolic processes due to the low pH value of the environment resp. the large difference of the pH between the external medium and the cell interior.
INTRODUCTION
Oil shales (compact sedimentary rocks of homogeneous fine-grained composition) are potentially an important source of hydrocarbons, due to which they are the subject of geochemical investigations and are of economic interest. The majority of the components of oil shales (about 80 %) are inorganic viz. carbonates, alumino-silicates and pyrite. Kerogen, which is insoluble with a heterogeneous macromolecular cross-linked structure, is the dominant organic substance (approx. 95 % out of the total organic matter) while the in organic solvents soluble bitumen is present in amounts of several percents. 1,2 Funda-mental organic-geochemical studies of kerogen require the preparation of concentrates of relatively pure and unaltered kerogen. The removal of carbonates and alumino-silicates is realized by the action of mineral acids (first dilute hydrochloric acid and then a mixture of concentrated hydrochloric and hydrofluoric acids), while the removal of pyrite, which is closely associated with kerogen, causes through the chemical procedures (oxidation and reduction) a change in its chemical structure. [3] [4] [5] Bacterial depyritization of crude oil shale and its concentrates by the chemolithoautotrophic thionic bacteria Thiobacillus ferrooxidans (Th. f.) is exceptionally efficient (approx. 97 % within four weeks) after which rich concentrates of kerogen with unchanged organic substance are obtained. [6] [7] [8] HCl-concentrate (crude oil shale from which the carbonates have been removed) and HCl-kerogen concentrate (HCl-concentrate from which the bitumen has been extracted) are shown to be the best substrates for bacterial depyritization, while the HCl-kerogen concentrate has certain advantages. 9 Also, at lower initial pH value, in relation to the optimal pH of 2.5, there is less precipitation of the hydrolysis products of iron(III)-ion (the product of bacterial oxidation-bacterial leaching of pyrite) on the substrate particles, leading to a reduction of the efficiency of pyrite removal. 10 For these reasons, this research work is dedicated to the kinetic study of bacterial depyritization of HCl-kerogen concentrate at pH approx. 1.5 at different temperatures.
EXPERIMENTAL
The examined sample which originated from the oil shale deposit near Aleksinac (Serbia), represented a composite obtained by combining 5 samples (476.1-491.6 m). The composite sample was crushed and then pulverized to < 63 mm.
The HCl-kerogen concentrate was obtained by extraction of the bitumen (0.95 %) from the HCl-concentrate with a benzene-methanol (1:4 V/V) mixture.
The HCl-concentrate was obtained by treatment of the powdered shale with dilute hydrochloric acid (1:4 V/V). The content of pyrite in the HCl-kerogen concentrate was 12.9 %.
A pure culture of the most active zymogenous strain of Th. f. (marked A 5 ) was isolated from an oil shale sample taken from the shale dump at the Aleksinac coal mine. 6 In preparing the bacterial biomass for the experiments, 11 a physiologically active culture of Th. f. was cultivated in 500 ml of 9K nutrient medium. 12 The shaking flask technique 13 was used in the experiments carried out according to a general experimental scheme described elsewhere. 7 The ratio of solid substrate vs. liquid iron-free 9K medium was 1:12 (w/V), pH approx. 1.5. Each experiment lasted 192 h (8 days) at the temperatures of 0, 20, 28 and 37 ºC.
The following methods and instruments were used. A Radiometer Copenhagen, type pHM 26 pH-meter with a combined electrode GK 2401 B of the same manufacturer.
Number of microorganisms was determined by the McCredys method of the most probable number (MPN). 14 pH Measurements Residual pyrite was calculated from the quantity of iron determined in the 800 ºC ash by atomic absorption spectrophotometry (Varian 475 atomic absorption spectrophotometer). The soluble and precipitated iron compounds were previously removed by treatment with HCl (1:4 V/V).
Data processing. The results for the kinetic computations were processed by the Microcal Origin 5.0 program, and the kinetics of the biochemical processes were computed by the iterative method as per Roberts and Elmore 14 and Wentworth 15, 16 program for Michaelis-Menten kinetics, which was adapted for a PC.
RESULTS AND DISCUSSION
The changes of pH and the number of microorganisms in the inoculated specimen during the experiments are shown in Table I . The pH value in all specimens during the bacterial process remains practically unchanged resp. it ranges within the limits of the pH equilibrium irrespective of the temperature, which is also an indication of a reduced degree of iron(III)-ion hydrolysis and precipitation of basic-iron(III)-sulphates on the substrate particles. 7, 10, 17 The number of Th. f. cells is slightly reduced at the lowest temperature after 48 h after which it remains unchanged until the end of the test, while at 20 ºC the number is somewhat increased after the same initial time period and again remained unchanged until the end. At the optimal temperature for the majority of Th. f. strains which is 28 ºC, after two days the number of bacteria cells had increased by about 16 times and again remained unchanged. The temperature of 37 ºC is lethal for this strain so that already after 4 days there are no living cells left (half reduction time is approx. 24 h). The dynamics of the bacterial population subject to temperature is an indicator of the efficiency of the bacterial depyritization process.
The best indicator of successful pyrite removal is the cumulative leaching in the inoculated and control (abiotic) test computed on the basis of the pyrite content in the HCl-concentrate at the beginning of experiments ("zero-time") and the amount of residual pyrite upon expiry of the overall process time resp. depyritization efficiency (Ef), which represents the ratio of the cumulative leaching of pyrite in the inoculated and control test. These parameters are shown in Table II .
Bacterial leaching as well as pyrite leaching in the control test increase as expected with increasing temperature (except at 37 ºC). However, in all non-inoculated tests, the leachings are considerably higher in relation to the abiotic processes at the optimal pH of about 2.5 for bioleaching, 7 which is the result of more intensive chemical processes at lower pH values 10 due to which the efficiency is lower. Since the temperature of 37 ºC is lethal for the bacteria, the results obtained in the inoculated test are mosty the result of chemical oxidation, which is also confirmed by the result for the control test. Therefore, these results cannot be used for kinetic computations relating to the bacterial process.
The function ln c 0 /c r = f(t), where c 0 and c r are the pyrite concentrations at the beginning and residual pyrite concentration at times t, is followed for the relevant temperatures, which means that the kinetics of the bacterial depyritization is of first order. 18 Under the assumption that the system is unstructured and non-segregated, 19 the rate constants (k) are defined. From their values, the van't Hoff's temperature coefficient 20 of pyrite bioleaching rate (Q 10 ) can be computed. The computed values are given in Table III . The highest rate constant of the microbiological process is at the temperature which is optimal for the used strain Th. f., and the average temperature coefficient of the depyritization rate is 3.5, identical to the computed value over the whole temperature interval.
The activation energy (E a ) of the pyrite bacterial oxidation was computed by linear regression of the -ln k = f(1/T) -Arrhenius plot. 18 The obtained value is 86 kJ/mol of pyrite (correlation coefficient: r = 1.000) which is similar to the E a of 83 kJ/mol (g-ion Fe 2+ ), 21 for iron(II)-ion oxidation at pH 1.5, which indicates that the biooxidation of pyrite can be represented by the overall reaction. The interaction of Th. f. cells with pyrite from oil shale concentrate, which means also HCl-kerogen concentrate, can also be dealt with as an enzyme reaction in which the biochemical activity is proportional to the overall enzyme activity of the bacterial cells which use pyrite as an energetic substrate and as a source of electrons. This means that Michaelis-Menten biochemical kinetics can be applied to this process. 22 Processing of results as per the stated program for the linearized form of the Michaelis-Menten equation (Lineweaver-Burk equation) gave the results presented in Table IV . The biochemical parameters of depyritization at 20 and 28 ºC indicate that increased acidity chemically activates the pyrite surface released from bitumen as a hydrophobic "protection". Also, due to a smaller degree of iron(III)-ion hydrolysis, the active centers on the external surface of the Th. f. cells are "free" for contact with the substrate, 23, 24 i.e., the affinity of the cells for pyrite is increased which can be seen from the value for K m . Consequently, a greater number of cell-substrate interactions arise at lower pH values which agrees with previous results. 9 K m at 28 ºC is smaller than the same parameter at 20 ºC, which is the result of the increased degree of hydrolysis at the higher temperature. However, the values for V max are considerably lower compared with the same parameter at the optimal pH 9 which is, after the initial efficient contact of the bacterial cells with the pyrite, probably the result of a deceleration of further transport of electrons and the process of oxidative phosphorylation due to the great pH difference between the external environment and the cell interior. This means that in the adaption process of this Th. f. strain to a pH of about 1.5, the induction of the biosynthesis of an acidoresistent cytochrome, which would ensure the bypassing of the existing pH barrier, is not possible. 25, 26 For this reason, the yield of ATP resynthesis is small resulting in a small biomass growth and thereby also smaller depyritization effects. This is also confirmed by the results presented in Tables I and II . The results at 0 ºC indicate the negative influence of low temperatures and low pH on the biochemical activity of Th. f.
Since pyrite is a limiting substrate and the method of realization of the bacterial depyritization corresponds to a periodical culture (batch process), then, assuming that the mixing conditions enable homogeneity of the system, it is possible to apply the Monod unstructured model to the kinetics of the bacterial growth and activity. This model in terms of the mathematical formulation is identical to the Michaelis-Menten equation. 19 Hence, V max is the same as the maximum specific growth rate of the biomass (m max ), and K m is the saturation constant (K s ). If the mass concentration at optimal temperature is, for example, used instead of the molar concentration of the pyrite, then the following values are obtained: m max = 1.0 g l -1 h -1 and K s = 106.6 g l -1 . Such a high affinity towards the substrate is a result of the low utilization of energy (about 3 % for Fe 2+ at pH 2.5) 17 for biosynthesis of the cellular components of the biomass.
CONCLUSION
The presented kinetic study of bacterial depyritization-bioleaching of a HCl-kerogen concentrate of Aleksinac (Serbia) oil shale by an unadapted strain Thiobacillus ferrooxidans A 5 at different temperatures (0, 20, 28 and 37 ºC) in the periodical culture at pH of about 1.5 during 192 h (8 days), under laboratory conditions using the shaking flask technique indicates the following:
1. The temperature of 37 ºC is lethal for the used strain and therefore this temperature is excluded from the kinetic considerations;
2. The best effects of bacterial depyritization (cumulative leaching 80.8 %) are obtained at 28 ºC, which is the optimal one for this Th. f. strain; 3. Lower pH values are suitable for the chemical oxidation of pyrite-abiotic tests, and therefore the efficiencies of pyrite removal are small (the maximal is 2.4 at 28 ºC);
4. Bacterial depyritization is a first order reaction and the rate constants of the oxidation processes have been computed for the relevant temperatures;
5. From the Arrhenius plot, the activation energy (E a = 86 kJ/mol pyrite) was calculated by linear regression and its value points to a successive mechanism pyrite bacterial oxidation;
6. The average value Q 10 is 3.5; 7. The Michaelis-Menten biochemical kinetics resp. the Monod unstructured model point to a high affinity of Th. f. in relation to pyrite (high values for K m resp. K s ), but the values of V max resp. m max are small, which probably means that due to the great difference in pH between the external environment and the cell interior, transport of electrons and biosynthesis of the cell components is decelerated irrespective of a low degree of iron(III)-ion hydrolysis;
8. The biochemical processes at 0 ºC are very slow and inefficient, due both to the low temperature and the low pH values; and 9. Of importance for the potential application of depyritization is that the processes are generated within the tested temperature interval at all temperatures.
U radu su prikazani rezultati kineti~kih prou~avawa bakterijske depiritizacije HCl-kerogenskog koncentrata aleksina~kog (Srbija) bituminoznog {kriqca pomo}u hemolitoautotrofne tionske bakterije Thiobacillus ferrooxidans u diskontinualnim laboratorijskim uslovima na razli~itim temperaturama (0, 20, 28 i 37 ºC) pri pH oko 1,5. Nisko pH spre~ava nastajawe proizvoda hidrolize gvo`|e(III)-jona, koji se talo`e na~esticama sup-strata i time smawuju efikasnost procesa. Bakterijska depiritizacija se odvija po kinetici prvog reda. Iz Arrhenius-ovog dijagrama izra~unata je aktivaciona energija koja ukazuje na sukcesivni mehanizam biooksidacije pirita. Pokazateqi biohemijske kinetike ukazuju na visoki afinitet bakterija prema piritu, ali male vrednosti V max , {to je verovatno posledica usporenih metaboli~kih procesa zbog niske pH vrednosti sredine, odnosno velike razlike pH izme|u spoqa{we sredine i unutra{wosti }elije. (Primqeno 25. decembra 2002) 
